Abstract In the present investigation, a phytoremediation process with a combination of different plant species (Populus nigra (var.italica), Paulownia tomentosa and Cytisus scoparius), and natural growing vegetation has been proposed at real-scale (10.000 m 2 ) to bioremediate and functionally recover a soil historically contaminated by heavy metals and hydrocarbons. In the attempts to assess both effectiveness and evolution of the remediation system towards a natural soil ecosystem, besides the pollution parameters, also parameters describing the efficiency of the microbiological components (enzyme activities), were investigated. In 3 years, the total content of hydrocarbons and heavy metals in soil decreased with time (40 % and 20-40 %, respectively), reaching concentrations under the limit of National legislation and making the site suitable for environmental reusing. The reduction in pollutants was probably the reason of the increase in dehydrogenase (indicator of overall microbial activity), b-glucosidase and phosphatase activities, enzymes related to C and P cycles, respectively. However, this trend was obviously due also to the increase of chemical nutrients, acting as substrate of these enzymes. Moreover, a phytotest carried out with Raphanus sativus, showed, after 3 years, a significant increase in percentage of plant growth, confirming a reduction in soil toxicity and an improvement in soil nutritional state. Therefore, this phytoremediation system seems very promising to perform both decontamination and functional recovery of a polluted soil at real-scale level.
Introduction
An increasingly industrialized global economy over the last century has led to dramatically elevated release of anthropogenic chemicals into the environment. Prevalent contaminants include petroleum hydrocarbons (TPHs), polycyclic aromatic hydrocarbons (PAHs), halogenated hydrocarbons, pesticides, solvents, metals, and salts. Polycyclic aromatic hydrocarbons (PAHs) are contaminants of great concerns due to their recalcitrance to degradation, to mutagenic or carcinogenic properties and also to their toxicity for living organisms (Keith and Telliard 1979; Wilson and Jones 1993) . However, PAHs may be degraded through a properly stimulation of soil microorganisms by mineralization, co-metabolic degradation and nonspecific radical oxidation (Wetzel et al. 1997) . On the other hand, metals are considered dangerous environmental pollutants because they are toxic for humans, animals, microorganisms and plants (Doumett et al. 2008) ; in addition metals can not be metabolically degraded, thus remaining almost indefinitely in the environment. However, their toxicity strongly depends on their chemical form rather than on total concentration (Garcia et al. 2005) , in fact, a large fraction of a pollutant may not be easily soluble, mobile or bioavailable. Speciation of metals can help to assess how strongly the metals are retained in soil and how easily they may be released into the soil solution and therefore being bioavailable (Kaasalainen and Yli-Halla 2003) .
The development of inventive remediation technologies for the decontamination of polluted soil, especially when both organic and inorganic contaminants are present, is therefore of paramount importance. Physical, chemical and biological methods can all be used for the remediation of contaminated sites (Perrin-Ganier et al. 2001; Matsunaga and Yashuhara 2003; Yang et al. 2007 ). Among the biological techniques, phytoremediation (that is the use of plants and their associated microbes) has long been recognized as a cost effective and environmentally-friendly method for the decontamination of soil from organic and inorganic pollutants (Macek et al. 2000; Meagher 2000; Eapen and D'Souza 2005) . Furthermore, phytoremediation can improve the overall soil quality and texture through the incorporation of organic materials, nutrients and oxygen released by plants and microbial metabolic processes (Zhou and Song 2004, Gurska et al. 2009 ).
The performance of phytoremediation as an environmental remediation technology depends on several factors including the extent of soil contamination, the availability and accessibility of contaminants for rhizospheric microorganisms and uptake into roots (bioavailability), and the ability of the plant and its associated microorganisms to intercept, absorb, accumulate, and/or degrade the contaminants (Vangronsveld et al. 2009 ).
Proper selection of plant species plays an important role in the development of remediation methods (decontamination or stabilization), especially on low-or-medium-polluted soils (Salt et al. 1995) .
As an alternative to the use of herbaceous hyperaccumulators, selected woody species with deep root system that are metal resistant, have a fast growth rate, and have the ability to grow on nutrient-poor substrate, can be applied for the remediation of organic and inorganic polluted soil (Pulford and Watson 2003, Van Epps 2006; Palmroth et al. 2007; Di Lonardo et al. 2011) .
The synergic action of trees, shrubs and grass has been hypothesized to enhance hydrocarbon degradation and heavy metal removal, as well as to improve soil quality (Frick et al. 1999 ).
Soil quality is usually evaluated by a minimum set of physical, chemical and biological parameters. Among biological parameters, enzyme activities have been considered good indicators of soil quality because they are closely related to nutrient cycles, organic matter turn over, physical characteristics, microbial activity and biomass in soil (Dick 1996; Nielsen and Winding 2002; Eldor 2007) .
Soil enzymes are generally tested by assessing their biochemical activity (Dick 1992) ; however, in the last years, a growing interest of soil science is addressed to the study of proteomics (Chauhan and Jain 2010) . Proteomics is the discipline which studies the global set of proteins, their expression, function and structure at a given time within an ecosystem (Wilmes and Bond 2004; Chauhan and Jain 2010) .
Knowledge of enzymatic proteins is thus crucial for the understanding of the mechanisms and, hopefully, organisms directly involved in any biological process, such as degradation of organic matter and organic pollutants, nutrient cycles, and molecular communication between plants and between plants and microbial population (Nannipieri 2006) .
For this reasons, soil proteomics can be used to understand complex community interactions associated with in situ bioremediation of contaminated soil (Aebersold and Mann 2003; Tyers and Mann 2003) .
In soil proteomic studies, some approaches are focused on direct protein extraction, while others use an indirect approach based on the extraction of microbial cells from soils prior to protein extraction (Chourey et al. 2010) . The direct approach is particularly limited by low protein yields due to the electrostatic and/or hydrophobic interactions with soil particles resulting in protein sorption or due to coextraction of contaminants interfering with downstream processing steps (Nannipieri 2006; Bastida et al. 2009 ).
Recently, Benndorf et al. (2007) identified some proteins in a soil polluted by organic contaminants (2,4-dichlorophenoxy acetic acid) using a direct approach consisting in protein extraction (NaOH 0.1 M), purification (phenol), separation (SDS-PAGE) and identification by mass spectrometry.
Similarly, Doni et al. (2012) during a phytoremediation process of a soil polluted by heavy metals and hydrocarbons identified several bands in SDS-PAGE after a direct soil protein extraction with 0.5 M potassium sulfate and precipitation by trichloroacetic acid (TCA)-Na deoxycholate detergent (DOC); in this study, protein identification by mass spectrometry was not carried out. Bastida et al. (2010) in a proteomic study on soil artificially polluted with diesel oil did not found any band in SDS-PAGE of proteins extracted directly from soil (phosphate buffer), while the indirect approach based on the protein analysis extracted from enriched cultures growing in Luria-Bertani (LB) media showed a change in the microbial community.
However, the application of proteomics to the field of biodegradation is in its infancy (Cao et al. 2009; Schneider and Riedel 2010) and the methodology applied to soil matrix (extraction and fractionation) needs improvements (Moreno et al. 2011; Siggins et al. 2012) , in particular for removing co-extracting impurities, such as organic matter.
The optimization of protocols to analyze proteins derived from soil by mass spectrometry and the development of databases to recognize these macromolecules could permit, in future, the detection of sensitive and specific enzymes responsible of the metabolic reaction needed for soil decontamination. The future challenge of this proteomic approach will be the identification of type and microbial origin of soil proteins.
In the present investigation, a biological approach made up of a combination of different plant species Populus nigra (var.italica), Paulownia tomentosa and Cytisus scoparius and natural growing vegetation has been proposed at real-scale action to bioremediate and functionally recover a soil historically contaminated by heavy metals and hydrocarbons. The plants were selected after the satisfactory results of a preliminary meso-scale experiment carried out in pots on the same contaminated soil exposed to the same climate condition as the polluted site under remediation.
In the attempts to assess both effectiveness and evolution of the soil under remediation towards a natural soil ecosystem, besides the pollution parameters (heavy metals, TPHs, PAHs), parameters describing the efficiency of the microbiological components (dehydrogenase and hydrolytic enzymes), have also been investigated.
Finally, in addition to the general enzyme activities, a preliminary proteomic approach (SDS-PAGE), was carried out in this study in order to obtain information about the influence of pollutants and bioremediation process on the protein expression (pattern of proteins) related to soil functional quality.
Materials and methods

Materials
Plant selection
Three different plant species, very common in the Mediterranean area, were selected for the phytoremediation process: two kind of trees; P. nigra, var.italica and P. tomentosa and a bush; C. scoparius.
The plants were selected for their rapid growth, capability of developing in the specific polluted substrate and in the local climatic conditions. The plants used in the experiment were approximately 3 years old.
Paulownia tomentosa. This tree has increasingly received attention due to its marketable value for wood and bio-fuel production thanks to its rapid growth, high biomass production, and elevated stress tolerance. In addition, it has exhibited strong transpiration rates and elevated tolerance to high concentrations of metals in both hydroponic and field studies (Liu et al. 2007 ) and it has already been successfully used in previous phytoremediation studies (Doumett et al. 2008) .
Populus nigra. This plant's high biomass production, root depth, as well as the resistance to different types of environmental stresses, make this specie a good candidate for the uptake and removal of organic and inorganic chemicals from polluted soils. Several studies indicated that poplar trees may be highly suitable for phytoremediation purposes (Susarla et al. 2002; Kacalkova and Tlusto 2011) .
Cytisus scoparius. To the best of our knowledge, this shrub has still to be studied for its phytoremediation potential. However, an improvement in soil nutrient content (C, N and P) due to its ability to fix nitrogen, has been previously observed (Brady and Weill 1996; Fogarty and Facelli 1999) .
Experimental layout
The soil studied, historically contaminated by heavy metals and hydrocarbons (about 10.000 m 2 ), is located in an industrial area (latitude 43°44 0 N and longitude 10°22 0 E) in the municipality of San Giuliano Terme (Pisa, Italy). The climate in this area is predominantly Mediterranean with an average annual temperature of 15°C and an average annual rainfall of 700 mm. The soil is a clay loam soil (USDA texture classification; 34.1 % clay, 22.6 % sand and 43.2 % silt) and it is characterized by the presence of an uncontaminated clay basement at 1 m depth. In October 2007, the contaminated site was divided into six plots (about 150 m 2 each) and in each plot the soil was removed down to the clay basement. The bulky wastes were removed manually and by means of sieving and, after mixing, the soil was replaced in the original plot.
On April 2008, the tree plantation was carried out following this scheme: P. nigra (var.italica) and P. tomentosa 2 9 2 m with interposed C. scoparius 1 9 1 m.
In each plot, immediately after planting, two points were identified. Around each of these two points an area of about 20 m 2 was selected in order to randomly collect 5 sub-samples at 0-30 cm and 30-60 cm. These sub-samples (5 for each point) were homogenized and mixed together in order to obtain two soil samples for each depth per each plot. Results of the two soil samples were presented as a mean value per plot. The number of soil samplings was chosen on the basis of the Italian legislation in force at the time of the proposed study (D.M. 471/1999 (D.M. 471/ , replaced by D.Lgs.152/2006 , which indicated 5-15 sampling points in a site ranging from 10.000 to 50.000 m 2 . Soil sampling have been carried out every 4 months. A drip irrigation system was used with frequency and water volume changeable in relation to seasons and atmospheric conditions.
The trunk diameters of P. nigra (var.italica) and P. tomentosa were measured by tape measure during the dormant season at 1 m above the ground level.
The results obtained at the start (Ti, May 2008), mid-point in the half (Tm, February 2009) and at the end (Tf, November 2011) of the phytoremediation process are reported in this paper.
Soil samples were air dried, sieved (2 mm) and stored at room temperature prior to the determination of chemico-physical and biochemical properties. All the analyses were carried out in laboratory triplicate.
Protein extraction was made on fresh soil samples stored at 4°C.
Method
Chemical analysis
The particle size analysis was performed by the pipette procedure (Indorante et al. 1990) .
Electrical conductivity (EC) and pH were measured in 1:10 (w:v) aqueous solution (water extract).
Total organic C (TOC) and N (TN) were determined by dry combustion with a RC-412 multiphase carbon and a FP-528 protein/nitrogen determinator, respectively (LECO corporation).
Water soluble carbon (WSC) was measured in the water extract. It is determined after acid digestion with K 2 Cr 2 O 7 and H 2 SO 4 at 148°C for 2 h. A spectrophotometric method was used to quantify the Cr 3?
produced by the reduction of Cr 6? (590 nm) (Yeomans and Bremner 1988) .
NH 4 ? and NO 3 -were measured in the water extract with selective electrode (Sevenmulti Mettler Toledo). Total phosphorus was determined by the colorimetric method (Murphy and Riley 1962) after acid digestion with nitric-perchloric acids.
Heavy metal fractionation was carried out following the Community Bureau of Reference (BCR) method (Mocko and Waclawek 2004) . The total heavy metal content was assessed by atomic absorption spectrometry (ContrAA300, Analytical Jena).
Total hydrocarbons were determined by the gravimetric method (Ceccanti et al. 2006) according to the following steps: (1) the soil samples (3 g) were air-dried and mixed with Na 2 SO 4 to remove residual water; (2) hydrocarbons were extracted three times with 9 ml of pentane in an ultrasound bath for 20 min; (3) hydrocarbons content is estimated by weighing the dry residue after solvent evaporation under nitrogen flow.
PAH were extracted with acetone:hexane mixture by microwave assisted extraction, according to Villar et al. (2004) method. PHA determination was performed by using an Agilent 1100 series high performance liquid chromatograph (HPLC) with an ultraviolet diode array (DAD) and fluorescence detectors (FL), following Pule and Mmualefe (2012) 
Biochemical analysis
Dehydrogenase activity was measured using 0.4 % 2-q-iodophenyl-3 q-nitrophenyl-5-tetrazolium chloride (INT) as substrate; iodonitrotetrazolium formazan (INTF), produced by the reduction of INT, was measured by means of a spectrophotometer at 490 nm (Masciandaro et al. 2000) .
To test b-glucosidase activity, 0.05 M 4-nitrophenyl-b-D-glucanopyranoside (PNG) was used as substrate; 0.115 M q-nitrophenyl phosphate (PNPP) was used as substrate to measure the phosphatase activity. The q-nitrophenol (PNP) produced by both hydrolases was extracted and determined spectrophotometrically at 398 nm (Garcia et al. 1993) .
Urease activity was determined in 0.1 M phosphate buffer at pH 7 using 6.4 % urea as substrate. The ammonium released by the hydrolytic reaction was measured by an ammonium selective electrode (Nannipieri et al. 1980 ).
Soil protein extraction and separation in SDS-PAGE
The proteins were extracted from the soil with 0.5 M potassium sulfate pH 6.6 in a 1:3 w/v ratio using 100 g of soil sample. 10 mM EDTA was added as metalprotease inhibitor. The extraction was carried out at 24°C for 1 h under horizontal shaking at 100 oscillations min -1 . After the incubation, the whole sample was centrifuged for 15 min at 12 400 9g and the supernatant was filtered through a 0.22 mm cellulose nitrate filter in order to remove microbial cells from the soil extract. Then the extract was diluted 4 times with bi-distilled water (Milli-Q) and dialysed overnight against distilled water using 3,500 MW cellulose tubular membrane (Cellu Sep T1, Orange scientific). The dialysed extract was recovered and concentrated until a final volume of 1 ml by an Amicon PM-10 diaflomembrane (Millipore) under N atmosphere (1.5 bar). The crude protein extract was precipitated by the trichloroacetic acid (TCA)-Na deoxycholate detergent (DOC) method. This method was developed for very low protein concentration (HUJI 2006) . The protein pellet was air-dried and then resuspended in 10 ml of 0.1 M NaOH. In order to carry out the sodium-dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (4 % stacking/12 % resolving), the sample buffer 5x (Laemmli 1970 ) was added to the sample; the sample was then heated at 100°C for 3 min and centrifuged for 2 min. The run was carried out at 150 V until the tracking dye was near the bottom of the gel. The gel was stained under gentle shaking overnight with colloidal Coomassie brilliant blue G250. The stained gel was scanned by a Bio-Rad GS 800 densitometer. The software Quantity One (Biorad) was used for the construction of a phylogenetic tree based on the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) method.
Phytotest
A phyto-test with Raphanus sativus was carried out following the method reported by National Agency for Environment Protection and Technical Services (APAT 2002) using 10 g of soil and 20 seeds.
The growth index, calculated after 72 h, was expressed by the following formula: GI% = P(T/C), where P is the mean percentage of seed germination with respect to the mean value of the control prepared with distilled water assumed to be 100 %; T and C are the length of shoot in the treatment and in the control, respectively.
Statistical analysis
The STATISTICA 7.0 software (StatSoft Inc., Tulsa, Oklahoma,USA) was used for the statistical analysis. All results are the means of two field samples analysed in triplicate. All numerical parameters before statistical analysis were normalized in order to check the normal distribution of data and autoscaled: the result for each variable is a zero mean and a unit standard deviation. Differences among the times (Ti, Tm and Tf) and plots were tested by analysis of variance (one way ANOVA). The means were compared using HSD Tukey's test (P \ 0.05).
Principal component analysis (PCA) was applied to all results obtained during the experiments. The PCA is a multivariate statistical data analysis technique, which reduces a set of raw data to a number of principal components that retain the most variance within the original data, in order to identify possible patterns or clusters between objects and variables (Carroll et al. 2004 ).
Results and discussion
Plant development
Populus nigra (var.italica) and C. scoparius adapted to the environmental conditions from the start of the experiment and continued to show a constant and gradually growth during the experimental period. In fact, after 3 years of the field-experiment, C. scoparius reached a height of about 1.5 m and P. nigra showed an increase in trunk diameter ranging from 50 to 150 % in each plot, with the only exception for plot F (Fig. 1) , where a lower growth of spontaneous grass was also observed. This lower vegetal growth could be explained by the higher quantities of gravel materials (found during sampling), which could have caused a rapid percolation of surface water, creating a greater soil aridity. Moreover, in this area, a high contamination by PAHs and total hydrocarbons may have interfered with the regular growth of the plants, as already observed by other authors with different plant species (Adam and Duncan 1999; Henner et al. 1999 ). Unexpectedly, P. tomentosa, which in the preliminary meso-scale experiment was well developed and efficient in extracting heavy metals (Masciandaro et al. 2009 ), showed a suffering state and low growth in the field (Fig. 1) . However, the success of laboratory and greenhouse phytoremediation experiments are rarely obtained to exactly the same extent in field conditions ). Moreover, a dense spontaneous vegetation consisting primarily of Brassica nigra L. Chemical and biochemical processes involved in the remediation practice Total organic carbon and total nitrogen increased over time in all the plots, even though not always significantly, both at the surface (0-30 cm) and sub-surface (Tables 1, 2 ). This could probably be due to the release of root exudates and plant remains by trees and naturally established vegetal cover, suggesting also a deep extension of the roots (visibly confirmed during soil sampling) (Bastida et al. 2006; Manns et al. 2007; Fuentes et al. 2009 ). The development of the roots in the sub-surface layer was also confirmed by the high and significant increase of WSC at 30-60 cm ( Table 2 ). The organic carbon reached in November 2011 ranged from 1.3 to 1.6 %, which represents a good value of C in a clay soil (Tables 1, 2) (Violante 2000) . Of course, the considerable increase in total nitrogen (Tables 1, 2) was also due to the nitrogen fixation action of C. scoparius (chosen for this property) and many other spontaneous N-fixing vegetation species grown in the field e.g. Medicago sativa, Lotus corniculatus.
As expected by the limited vegetal cover in plot F, a lower increase in carbon and nitrogen was observed in this area.
The general increase in nitrates (Tables 1, 2) , albeit with large variations between sampling points, was probably due to the N-organic compound mineralization process. This, together with the relatively low concentrations of ammonia, indicates a good level of oxygen at root level, which enabled the activation of nitrification processes.
In contrast with carbon and nitrogen, total phosphorus showed no significant difference over time and between plots (Tables 1, 2) .
Dehydrogenase enzymes, often used to evaluate soil microbial growth and activity (Nannipieri et al. 1990; Masciandaro et al. 2000) , together with hydrolytic enzymes (b-glucosidase linked to the C cycle, phosphatase linked to the P cycle), act on the basic processes of organic matter decomposition and have been used as biomarkers of the reactions which occur in contaminated soil (Bentham et al. 1992; Dick and Tabatabai 1993) . These activities, after 3 years of bioremediation process, showed a significant increase over time at both soil layers (Table 3) , suggesting a microbial stimulation at root level (rhizosphere) by mineral nutrients and, in particular, by organic substrates with high nutritional value, such as root exudates (high value of WSC especially at 30-60 cm). Beneficial effects of plants on microbial stimulation through organic exudates at the root-soil interface have been widely reported (Newman 1985; Macci et al. 2012) . The trend of these enzymes can also be explained by the reduction in organic and inorganic contaminants (Tables 4, 5 ), which could have an inhibitory effect on the enzyme activities (Margesin et al. 2000; Gianfreda et al. 2005; Iannelli et al. 2012 ).
On the contrary, the decrease in urease activity (Table 3) , an enzyme involved in the last step of the N cycle, was probably due to the great increase in nitrogen in the soil induced by plant nitrogen-fixing, making the further mineralization of organic-N compounds unnecessary.
A preliminary proteomic approach carried out in this study (SDS-PAGE), compared the protein expression patterns of the plots at the end of the bioremediation processes (Tf) with a nearby uncontaminated soil sample (control) (Fig. 2) . Several proteins were detected in all the plots even though with different patterns. The heterogeneity of the site, resulting in some different chemical-biochemical soil properties and different pollution levels between the plots, could be the reason for the observed pattern variation. In a UPGMA dendrogram of protein profile, C and B (dice coefficient 0.70), as well as plot E and D (dice coefficient 0.60), clustered together with a high similarity (Fig. 2) .
The high similarity between plots E-D, which were the less polluted plots, suggested an influence of contaminants in the expression of proteins (Hutchinson et al. 2003) . Moreover, the clustering of E-D and C-B groups with the control (dice coefficient 0.53), indicated that the bioremediation process permitted to reach a situation with a pattern of protein similar to that of unpolluted soil, suggesting a sort of recovery of soil functional quality.
On the other hand, plot F and A showed a different protein pattern with respect to the other plots (dice coefficient 0.46).
Remediation efficiency
The soil, originally contaminated by the storage of different wastes (plastic, electrical and iron materials, oil and fuel) showed an initial high soil hydrocarbon concentration ranging from 400 to 2,000 mg kg -1 and PAHs from 4 to 60 mg kg -1 . On the contrary, a relatively low concentration in heavy metals, with the exception of Cd, Zn and Pb, were detected in the initial characterization of the soil. In fact, when comparing the measured heavy metal concentration to the limit Tables 4, 5 ), Cr, Ni and Cu were lower or close to these limits (40-100, 100-180, 100-300 mg kg -1 , respectively), while Zn, Cd and Pb were considerably above (350-650, 3.0-4.5, 300-700 mg kg -1 , respectively). However, all the metals were lower than the limit for industrial reuse (D.lgs. 152/2006, Tables 4, 5) .
As expected from a field scale experiment, a spatial variability in the soil concentration of toxic elements, including ''hot spots'' across the site, was observed among the different plots (Tables 4, 5 ) (Ferro et al. 1999; Van Dillewijn et al. 2007 ). Gerhardt et al. (2009) observed that the spatial heterogeneity of initial contaminant levels resulted in data scatter, which can make it difficult to statistically show significant treatment effects for field trials. However, in this study the division of the site into different plots and the mixing of soil within each plot, enabled a more homogeneous matrix in each plot to be obtained, as shown by the often significantly different values over time. Moreover, in order to reduce the problem of spatial variability, several soil sub-samples were collected per plots (material and method section) (Nedunuri et al. 2000) .
In each plot the results of inorganic pollutants showed a decrease in all the detected heavy metals at the surface layer during the experimental period (greater in February 2011, Tm), thus indicating the effectiveness of the plants in heavy metal removal (Table 4 ). Organic acids secreted by roots are widely recognized to be responsible for dissolving the solid phase metals in the soil and making them available for plant absorption (Hu et al. 2007; Luo et al. 2008) .
The greatest reduction in heavy metals was measured for Ni and Pb (average 40 %), while Cd and Cu reduction ranged from 25 to 30 %. On the contrary, a lower and generally not significant reduction was observed for Zn and in particular for Cr. These results were probably due to the very low concentration of Cr from the beginning and a possible phytotoxic effect of Zn (Alkorta et al. 2004) .
Even though the metal concentrations did not decrease significantly during the study at 30-60 cm (Table 5) , a change in the bioavailability of heavy metals was observed (Fig. 3) . In fact, the heavy metal fractionation at the beginning (Fig. 3) showed that they were mainly linked to the mineral fraction, as expected in the situation of a long term contamination (Lu et al. 2005; Jalali and Khanlari 2008; Zapusek and Lestan 2009 ), but at the end of the bioremediation process an increasing trend (P \ 0.05) in the linkage between metals and organic matter (fraction 3) was observed. These results suggest that the vegetation might have increased the metal mobility and availability, in particular through chemical changes in the rhizosphere and through chemical and microbial effects induced by the composition of leaf and root litter (Nowack et al. 2010) . This change could represent the first step in a heavy metal solubilization and plant uptake, which probably needs more time to be concluded.
In plot F, where there was less vegetation, neither a significant decrease in total heavy metals nor a change in heavy metal fractionation were detected.
On the other hand, in this plot and in all the others, a significant reduction in total hydrocarbons (average 40 %) (Tables 4, 5) and PAHs (ranging from 30 to 50 %) (Fig. 4) was detected during the experimental period. Among the PAH compounds detected, indeno(1,2,3-cd)pyrene was the only one that was initially above the legal limit concentration (5 mg k -1 , D.lgs. 152/2006) in most plots and it reached values considerablly lower than this limit by the end of the phytoremediation process (Fig. 4) (P \ 0.05).
Several phytoremediation studies, carried out at a laboratory or field scale, have demonstrated the effectiveness of different plant species in hydrocarbons removal (Van Epps 2006; Palmroth et al. 2007 ). In general, the uptake of hydrocarbons into plants, although possible, is not expected in great quantities. This is due to given the chemical properties of these compounds, which include high molecular weights, relatively low solubility in water, and hydrophobic nature (EPA 2000; Hutchinson et al. 2003) . Numerous researchers have established that the primary mechanism for the disappearance of both petroleum hydrocarbons and PAHs is rhizodegradation (EPA 2000; Hutchinson et al. 2003 , Palmroth et al. 2007 ). During normal metabolism plant roots exude organic and inorganic substances to the rhizosphere (Anderson et al. 1993) , and these act as substrates for soil microorganisms, thereby enhancing the degradation of toxic organic chemicals. In fact, in all the plots an increase in microbial activities (DH-ase, b-glucosidase and phosphatase) was found (Table 3 ) and attributed to root growth and development. However, in the F plot, even though a lower increase in enzyme activities was found, probably due to the limited vegetation cover, the high microbial activity (Dh-ase) measured from the beginning suggested that there were microorganisms resistant to contamination and probably active in hydrocarbon degradation; in fact, a decrease in organic contamination was observed also in this plot (Tables 4, 5) . Therefore, the lower vegetal growth in this plot, even though not effective in heavy metal removal, was able to sustain the microbial biomass in the degradation of organic pollutants.
Considering the different plants used in the study, the poplar is likely to have contributed more to organic pollution removal, as its ability to take up and detoxify several organic pollutants is well known. These include chlorinated hydrocarbon solvents, the herbicide atrazine, and various explosives (Susarla et al. 2002; Kacalkova and Tlusto 2011; Doni et al. 2012) .
Also in the preliminary meso-scale study (Masciandaro et al. 2009 ) poplar had a greater effectiveness in terms of TPH degradation than P. tomentosa and C. scoparius, even though the experiment was carried out for only six months. However, to the best of our knowledge no studies have investigated the use of C. scoparius in phytoremediation processes. In previous research Reilley et al. (1996) reported that other legumes were able to enhance the removal of PAHs from contaminated soils, and as reported above (discussion of plant development), throughout our study site other spontaneous N-fixing vegetal species were established. Legumes are thought to have an advantage over nonleguminous plants in phytoremediation because of their ability to fix nitrogen; i.e., legumes do not have to compete with microorganisms and other plants for limited supplies of available soil nitrogen at oil- contaminated sites (Gudin and Syratt 1975; Frick et al. 1999) . Moreover, the improvement of bioremediation efficiency by mixed plants including nitrogen-fixing plants to provide nitrogen, has been validated in previous study (Joner and Leyval 2001) . At the end of the field experiment, the recovery of the polluted soil, in terms of the elimination of contaminants, was also assessed by carrying out a phyto-test with Raphanus sativus, used frequently at a national level (APAT 2002) , in order to further evaluate the reduction in soil toxicity (Baud-Grasset et al. 1993) (Fig. 5) . As expected, the higher values of GI% at the beginning were detected in less polluted plots (D and E), while the lower values were found in C and in particular in F (more polluted). However, an increase in the germination index at the end of the process in all the plots was observed (values close to or above 100 %), due to the improvement in nutritional soil properties and the decrease in pollution. However, in plot C and in particular plot F, a sort of residual toxic effect seemed to persist, as observed by the lower GI %. 
Principal component analysis
In order to better understand the complexity of chemical and biochemical processes involved in the soil bioremediation, principal component analysis (PCA) was carried out. PCA analysis isolated three principal components (PCs) (total variance explained: 58.5 %) covering variables related to chemical and biological parameters at the three sampling times (Ti, Tm, Tf) ( Table 6 ). The 1st PC (22.4 % of the total variance) included total C, total N, NO 3 -and the hydrolytic enzymes with the exception of urease, while the 2nd PC loading (21.6 % of the total variance) included parameters closely associated with the soil remediation (TPH, PAH, heavy metals-expressed as meq as a sum of all heavy metal meq) and GI %). pH and NH 4
? were included in the 3rd PC with 14.4 % of the total variance. Scatter plots of the first two principal components (Fig. 6 ) indicated clearly that the phytoremediation technology had positively affected the chemical and biochemical soil characteristics after 3 years of experimentation, since the sampling points at Tf were shifted with respect to the Ti sampling towards positive values of PC1, which was associated with nutrient and enzyme activities. Moreover, the shift of Tf compared to Ti towards a negative score on the vertical axis (PC2 axis), related to TPH, PAH, heavy metals and GI%, indicated the decrease in both organic and inorganic pollutants and a consequent increase in GI% (negative loading) in each plot.
Among the plots, a clear separation of the less polluted plots (E and D) was observed at each sampling time at the bottom of the graph, while F, having a similar level of contamination at the end of the process, clustered together with plots A, B and C. In bold the variables with a significant level [ 0.6. E.C. electrical conductivity, TOC Total Organic Carbon, TN total nitrogen, WSC water soluble carbon, TP total phosphorus, DH-ase dehydrogenase, meq (sum of meq of all heavy metal meq), PAHs polycyclic aromatic hydrocarbons, TPHs total petroleum hydrocarbons, GI%, germination index %, Var. Sp explained variance, Prp.Tot. total proportionality
Conclusions
After 3 years, this phytoremediation approach, consisting in the use of a mixture of plants and naturally growing vegetation, was able to decrease both organic and inorganic pollutants. These, reached concentrations below the limits of National legislation, making the site suitable for environmental reuse. Plants were well developed and in a healthy state throughout the site with the exception of only one plot, where limited vegetation was present. In this plot, even though a significant decrease in organic contaminant was detected, no significant variation of inorganic pollutants was observed, confirming the effectiveness of the plants in heavy metal removal. In all the plots, the increase in biological parameters (dehydrogenase, b-glucosidase and phosphatase) over time indicated the activation of microbial metabolism favored by plant root-microorganism interaction. Moreover, the improvement also in the nutritional-chemical soil properties makes this phytoremediation system suitable for performing both decontamination and the agronomical and functional recovery of a polluted soil at a real-scale level. 
